[Purpose] Persons with age-related hyperkyphosis often have concomitant sagittal plane imbalance of the spine. This study investigated the reliability of sagittal vertical axis (SVA) measurement of sagittal balance, association between thoracic Cobb angle of kyphosis and SVA measure of sagittal balance, and compared the degree of SVA in males and females with age-related hyperkyphosis. [Participants and Methods] Measurements of SVA and Cobb angle of kyphosis were obtained from baseline radiographs of 112 community-dwelling males and females, mean age 70.0 (SD=5.7) years with kyphosis ≥40 degrees, recruited for a randomized controlled trial. Spearman correlation coefficients were used to determine associations between SVA and kyphosis, and Wilcoxon nonparametric tests to compare SVA between genders.
INTRODUCTION
Measurement of thoracic kyphosis in persons with age-related hyperkyphosis is important for quantifying the degree of kyphosis deformity of the spine, and monitoring its progression and response to targeted interventions. The gold standard method of measuring hyperkyphosis is standing radiographic Cobb angle of kyphosis from T5 to T12 1, 2) . However, other methods are often used to quantify hyperkyphosis, including the Block method 3) , and occiput to wall 4) that quantify the position of the head in relation to the pelvis, aspects of sagittal balance, rather than the kyphosis deformity alone 5) . Persons with age-related hyperkyphosis who have sagittal imbalance of the spine may be at increased risk for vertebral fractures and incident falls 6, 7) because of the altered distribution of body mass and the biomechanical environment of the spine when the head position is anterior to the pelvic sacral promontory 6) . Furthermore, when Cobb angle is measured globally (from T1 to T12) it can be affected by endplate tilt of the upper and lower vertebrae of the thoracic curvature, which may increase the magnitude of the curve but may not reflect changes in the curve relative to vertical alignment 8) . While studies have reported significant adverse health outcomes among those with thoracic kyphosis ≥40 degrees 1, 2) , global sagittal balance of the spine has been described as the most significant radiographic parameter predicting clinical symptoms in adult spinal deformity 9, 10) , making it an important target for future intervention.
Previous research suggests gender differences in the prevalence of age-related hyperkyphosis depending upon the methods used to quantify hyperkyphosis. Approximately 18% of males and 30% of females were categorized as hyperkyphotic in a cohort 70-80 year olds when a supine 40-degree thoracic kyphosis measurement was used to define hyperkyphosis 11) . In contrast, when the supine Block method was used, 46% of males and 22% of females were categorized as hyperkyphotic in a similarly aged cohort 12) . Given the large variability in prevalence estimates for hyperkyphosis in males and females when different methods are used to quantify kyphosis, it is possible that males and females have different phenotypes of hyperkyphosis. Males may have more sagittal imbalance, and females may have more sagittal deformity of thoracic kyphosis. Therefore, the aims of this study were to determine the reliability of sagittal vertical axis measurement (SVA) of sagittal balance in community-dwelling asymptomatic older adults with hyperkyphosis ≥40 degrees. We also investigated the association between thoracic kyphosis deformity and SVA measurement of sagittal balance, and compared the degree of sagittal balance in males and females with age-related hyperkyphosis. If thoracic kyphosis deformity and sagittal spine imbalance are independent phenotypes of hyperkyphosis, interventions to reduce age-related hyperkyphosis should be designed to improve both thoracic kyphosis deformity and sagittal balance.
PARTICIPANTS AND METHODS
We included 112 participants, mean age 70.0 (SD=5.7) years, who were recruited January 2013 through June 2015 from local senior centers and outpatient medical clinics at two large urban medical centers (a university-based center and an integrated managed-care center), and enrolled in the Specialized Center of Research (SCOR) Kyphosis Project, a randomized controlled trial to investigate gender differences in response to a targeted kyphosis exercise intervention. All participants were screened for kyphometer-derived kyphosis ≥40 degrees and age ≥60 years as inclusion criteria for the SCOR Kyphosis Project. Participants were excluded for inability to straighten the thoracic spine at least five degrees, cognitive impairment 13) , inability to pass safety tests in the screening examination, or any disorder or disease likely to interfere with safe participation in a group-based exercise class 14) .
Protocols were approved by the University of California San Francisco (IRB No. 12-09348) and Kaiser Permanente Northern California (IRB No. CN-13AGlad-01-H) IRBs and written informed consent was collected for each participant.
Cobb angle measurements of kyphosis from lateral spine radiographs acquired at the baseline enrollment visit were used. Standing lateral spine radiographs were acquired using a standardized sagittal view scoliosis protocol from T3 to S1, with arms at a 90-degree angle to the body to prevent superimposition of the vertebrae, knees straight, and upon full inspiration. The degree of kyphosis was calculated by an experienced musculoskeletal radiologist (BF) using digitized Cobb angle derived from the radiographs scans centered at T8 (T4-T12). The Cobb method was used to determine the superior and inferior margins for line placement. Using a translucent digitizer (GTCO, Rockville, MD, USA) and cursor, the reader marked points corresponding to the four corners of the vertebral body at T4 and T12. From the superior surface of T4 and the inferior surface of T12, along the endplates of the vertebrae, a digitization program erected perpendicular lines, the intersection of which is Cobb angle (Fig. 1) . The intra-rater reliability ICC for repeated digitized Cobb angle readings was previously reported ICC=0.99 15) . SVA measurements of sagittal balance were acquired from the same standing lateral spine radiographs by an experienced musculoskeletal radiologist (BF). SVA was identified as the location of the head with respect to the normal center of gravity by a plumb line dropped from the center of the C7 vertebral body to the posterior superior corner of the sacral end plate 16) . A vertical line drawn from the vertebral body of C7 normally intersects the superior endplate of S1. The horizontal distance of displaced SVA from a reference point on the sacral end plate was determined (Fig. 2) . Repeat measurements were performed on a random sample of 15% of the scans by a second observer (JM) to determine the intraobserver and interobserver reliability for the SVA measurement.
Additional measurements of thoracic kyphosis and lumbar lordosis were acquired using kyphometer-derived thoracic kyphosis and lumbar lordosis measurements, and radiographic centroid measurement of thoracic kyphosis. The kyphometer angle of kyphosis was measured as the angle formed by the 2 arms of a Debrunner kyphometer (Proteck AG, Berne, Switzerland) protractor-device placed over the spine. The base of the top arm was aligned over the T2-3 interspace, and the base of the lower arm was aligned over the T11-T12 interspace. Similarly, for lumbar lordosis, the kyphometer angle of lordosis was measured as the angle formed by the arms of the device placed over the T11-T12 interspace and the L4-L5 interspace. All kyphometer measures were acquired by a trained exercise physiologist at the UCSF Clinical Research Center. For the radiographic centroid angle method, we used intersecting diagonals between two vertebral corners at both ends of the thoracic spine curve. The centroid curvature angle was defined as the angle between the straight lines drawn perpendicular through the two top and two bottom vertebrae (Fig. 3) . Reliability of these methods has been previously established 8, 15) .
Other study covariates: Age and gender were determined at enrollment. Statistical analysis: Characteristics including age, gender, and all spinal variables were summarized by descriptive statis-tics and compared between males and females using t-test or Wilcoxon nonparametric test for continuous variables and the Fisher exact or χ 2 test for categorical variables. Nonparametric counterparts were used for variables that were not normally distributed, based upon testing for kurtosis value <−2 and >+2 17) . We used intra-class correlation coefficients (ICC) with 95 percent confidence intervals (95%CI) to compare the relative intra-and inter-rater reliability of SVA measurement. Two readers (BF, JM) blinded to each other's results, read a random sample of 15 films, and each reader read 15 films twice after a month interval. To evaluate the strength, of the correlation, we used a method outlined by Munro (0.9-1.0="very high"; 0.7-0.89= "high"; 0.5-0.69= "moderate"; 0.26-0.49= "low"; 0.0-0.25="little if any") 18) . We assessed the absolute reliability of the SVA measurements and calculated the standard error of the measurement [(SEM=standard deviation of sagittal plane measurement*square root of (1−ICC)] and minimal detectable change [MDC=1.96*SEM*square root of (2)] 19) . We used Spearman correlation coefficients to determine the association between Cobb angle, SVA and other measures of hyperkyphosis, and considered correlations ranging from 0.00 to 0.25 to indicate little or no relationship; 0.25 to 0.5 a fair relationship; 0.5 to 0.75 moderate to good; and values above 0.75 good to excellent 20) . We used Wilcoxon nonparametric tests for continuous variables to compare SVA in both genders. Kyphometer-measured kyphosis, and lumbar lordosis were included to investigate concurrent validity of the radiographic and clinical measures of hyperkyphosis. Centroid measure of kyphosis was included to account for endplate tilt. We also categorized SVA as quartiles and assessed the distribution of quartiles of SVA between genders. All analyses were performed with SAS 9.4 (Cary, NC, USA).
RESULTS
Characteristics of our study participants, 45 males and 67 females, are presented in Table 1 . Age ranged from 60 to 92, with an average age of 70.0 (SD=5.7) years old. Mean Cobb angle was 55.6 (SD=12.1) degrees, with no difference between genders. SVA measurements were acquired on all but 2 of the scans where visualization of C7 vertebral body superiorly was not possible. The intra-rater reliability of the SVA measurement was ICC=0.95 (95%CI: 0.88, 0.98). The inter-rater reliability was ICC=0.93 (95%CI: 0.83, 0.97). The within and between subject SEM was 7.7 and 9.15 mm, and MDC was 21.4 and 25.4 mm, respectively.
SVA measurement was skewed in males, although the median SVA in males compared to females was not statistically different, p=0.35 ( Table 1 ). The kurtosis value was 1.7 overall. When we used 5 cm or more of SVA as a threshold for abnormal 21) , more males than females, n=12 (26.7%) versus n=5 (7.5%), were classified with abnormal SVA, and the difference was significant, p=0.006. There were no differences in centroid angle in males and females, but males had greater kyphometer-derived kyphosis, 53.3 (SD=7.2) vs. 51.3 (SD=7.5) degrees, p=0.06. Males also had less lordosis than females, 23.1 (SD=11.1) vs. 34.9 (SD=10.3) degrees, p<0.001. There were no differences between males and females in the prevalence estimates for hyperkyphosis when Cobb angle ≥40 degrees was used, however, a greater proportion of males were categorized as hyperkyphotic when Cobb angle ≥54 degrees or SVA ≥5 cm thresholds were used 7, 10) .
Using Cobb angle of kyphosis as the gold standard, there was no significant association with sagittal balance measurement of SVA (r:−0.05, p=0.59) ( Table 2 ). There was a strong association with the centroid angle (r: 0.59, p<0.001) and kyphometer-derived kyphosis (r: −0.58, p<0.001). The association of Cobb angle of kyphosis and lumbar lordosis was weak (r: −0.40, p<0.001, and lumbar lordosis and SVA were inversely correlated (r: −0.19, p=0.04). More males than females, 15 (33.3%) versus 13 (19.4%), were categorized with the most extreme sagittal balance (Table 3) . However, when the upper quartile of SVA (≥35.5 degrees) was compared to the lower 3 quartiles, the p-value was not significant, p=0.095.
DISCUSSION
In older community-dwelling males and females with kyphosis ≥40 degrees, we found that SVA can be measured with high reliability, which makes this an appealing, objective measurement of sagittal balance. In our cohort of older adults with hyperkyphosis (mean radiographic Cobb angle 55.6 degrees), there was no significant association between the gold-standard Cobb angle measure of thoracic kyphosis deformity and the SVA measure of sagittal balance. These findings highlight the difference in thoracic kyphosis deformity and sagittal balance, and suggest that the SVA quantifies an independent, distinct phenotype of hyperkyphosis. In contrast, Cobb angle of kyphosis was associated with other spinal deformity measures including radiographic centroid angle of kyphosis and non-radiographic kyphometer-derived kyphosis and lumbar lordosis, and supports the measurement of these conditions as methods for quantifying distinct aspects of hyperkyphosis. Moreover, more males were classified with abnormal SVA when the threshold of 5 cm or more SVA was used, which puts them at greater risk for disability 10) .
We found that SVA is a highly reproducible measurement, consistent with a previous study that reported intra-and interrater reliability (ICC=0.92 and 0.995 respectively) 22) . Results of our study also provide a distribution-based MDC estimate that may be useful to estimating reliable change in SVA in future studies. However it is important to recognize that Van Royen et al. 23 ) examined reproducibility of SVA using digital markers in a man with ankylosing spondylitis and a fixed spine, and found that small changes in the hip, knee, and ankle joints affected the SVA measure. Hayden et al. also reported that both anterior and posterior rotation of the pelvis 24) can significantly alter spinopelvic parameters including SVA. To reduce variability in the radiographic image and compensatory means to restore sagittal balance and maintain horizontal gaze, our protocol was strictly defined by stance in usual posture with "knees straight", arms supported at 90 degrees of flexion and respiration suspended upon full inhalation. Moreover, our SVA measures were obtained from repeat measures from the same radiograph; variable results could have been possible had we used multiple different radiographs.
We found no association between standing radiographic measurements of Cobb angle of kyphosis and SVA. This null finding is consistent with a recent study that reported little or no association between standing radiographic Cobb angle and SVA, r=0.12, in a cohort of 1,461 participants mean age 66.3 ± 13.8 years for males and 65.2 ± 12.5 years for females 25) . In contrast, Tran et al. 3) reported a moderate to good association between the supine non-radiographic block method measurement of kyphosis, which captures the forward head component of hyperkyphosis while lying in a supine position, and a supine radiographic measurement of Cobb angle, r=0.63. Moreover, neither one of the supine measures are influenced by postural effects of gravity on the spine, which points to the influential effects of gravity on thoracic kyphosis and sagittal balance 26) .
Our results suggest that the method used to quantify hyperkyphosis can produce very different prevalence estimates. When we used a hyperkyphosis threshold of Cobb angle ≥40 degrees, 88% of our cohort was classified as hyperkyphotic. At a 54 degree threshold, 39% of the cohort was classified as hyperkyphotic, consistent with previous reports of 20-40% prevalence in older adults. In contrast to previously published thresholds that describe SVA imbalance at 5 cm or more 10, 21) , only 15% of our cohort who had a mean Cobb angle of 55.6 ± 12.1 degrees was classified with sagittal imbalance. Thus, these methods to measure hyperkyphosis cannot be used interchangeably because they quantify different phenotypes of hyperkyphosis.
Our study highlights differences between sagittal deformity and sagittal balance. When the sagittal curves of the spine and the pelvis balance each other, the spine is aligned in relation to the pelvis, and the horizontal gaze is intact 27) . Once the sagittal balance is lost, more energy is required for the body to remain balanced without external support 27) . According to Lamartina et al. 27) , ideal sagittal balance can be predicted as a combination of regional deformities and compensatory mechanisms. When the expected or possible compensatory mechanisms do not occur, imbalance and abnormal muscle activation patterns develop. For example, Bruno et al. 6) investigated vertebral load in a hyperkyphosis computer model, and reported greater spinal load in the hyperkyphotic condition where the magnitude of kyphosis was increased. Load was further increased in the sagittal imbalance condition where the head aligned anterior to the pelvis. However, maintaining sagittal balance with kyphosis deformity effectively reduced vertebral loads, and highlights the independence of these sagittal spine subtypes.
Our study was conducted in a sample of older males and females large enough to investigate differences between males and females. However, SVA was skewed in males and this may have affected the results. Also, measurement of sagittal balance can be measured using the T1 pelvic angle defined as the angle formed by lines drawn from the center of the femoral head axis to the center of T1 vertebral body and to the middle of the S1 endplate 28) , and sagittal balance is affected by pelvic parameters including pelvic rotation, pelvic incidence and sacral slope that were not measured in our study. The radiographs were acquired for assessment of Cobb angle of kyphosis and they did not include the pelvis. Regardless, our results may be viewed as a discrete but not exhaustive contribution to our understanding of age-related hyperkyphosis, spinal deformity, and sagittal balance. In older males and females with hyperkyphosis, SVA was a reliable measure of sagittal balance. Our study suggests that radiographic Cobb angle measure of thoracic kyphosis deformity and SVA measure of sagittal balance are independent and distinct phenotypes of age-related hyperkyphosis. Other measures that are often used to quantify age-related hyperkyphosis, including kyphometer-derived kyphosis and lordosis, and centroid measure of kyphosis were associated with the gold standard Cobb angle of thoracic kyphosis. Despite similar degrees of radiographic Cobb angle of thoracic kyphosis, males had more sagittal imbalance than females. Given the clinical importance of sagittal balance, future studies may be warranted to determine whether both thoracic kyphosis deformity and sagittal balance can be improved with targeted interventions. ClinicalTrials.gov Identifier No.: NCT01766674
